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PART II

FOREWORD

This report was prepared by the Aerospace Mechanics Group of the
University of Dayton Research Institute under USAF Contract F33615-
70-C-1170. The contract was initiated under Project No. 1369, "Launching
and Alighting Systems for Military Aircraft, " Task No. 136908, "Aircraft
Surface Operation on Soil." This work was conducted under the direction
of the Vehicle Equipment Division, Air Force Flight Dynamics Laboratory,
Wright-Patterson Air IForce Base, Ohio, Mr. George Sperry (AFFDL/FEM)
Project Engineer.

This report covers work conducted from 18 December 1970 to
15 December 1971, SR -

~— e Lo

The authors wish to thank Mr. Sperry for his efforts and assistance
in integrating the research program toward Air Force objectives., This
report was submitted by the authors in January 1972.

Publication of this technical report does not constitute Air Force
approval of the reported findings or conclusions. It is published only for
the exchange and stimulation of ideas.

KENNERLY H. DIGGES
Chief, Mechanical Branch

Vehicle Equipment Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

The design and atilization of military aircraft in forward area
situations has required a continual investigation of those factors which
define the aircraft flotation performance and surface operating capability
on semi~ and unprepared soil runways. This report summarizes these
efforts conducted under Phase III - Part II of a continuing research program
in landing gear/soil interaction.

Phase III - Part II consisted primarily of a comprehensive investi-
gation of the flotation variable of braking and how braked tire/soil inter-
action influences flotation performance. A series of full scale braked
tire tests were conducted in a sand and clay type soil. An analytical study
of braked tire/soil interaction was also made using a lumped parameter
technique to simulate the soil. The results of these investigations resulted
in two braking analysis equations which can be used to predict the braked
tire drag ratio, RB/P (where RB = braked drag force, P = vertical tire load),
for aircraft type tires operating in sand and clay type soils. Both the braking
tests results and analysis equations apply to a limited speed range (0 to
15 knots).

Additional studies were also made, on a preliminary basis, of the
flotation variables of multipass and speed. An update of the Aircraft
Flotation/Operation Summary Guide, initially presented in the Phase III -
Part I Final Report, is also presented.
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SECTION 1

INTRODUCTION AND AIRCRAFT FLOTATION/
OPERATION SUMMARY GUIDE

(1-7)

A number of comprehensive efforts have been conducted in recent
years in studying the problems associated with the operation of military air-
craft on forward area soil runways. The results of these efforts have led to
an identification of what have been termed the primary and secondary
variables which influence aircraft flotation/operation performance. The

primary variables are aircraft surface drag, sinkage, multiple wheel effects,

braking, soil surface type and strength, and tire size and contained air

pressure. Secondary variables include multipass, speed, turning, landing

impact, surface roughness, texture, and stress ha.rdening characteristics.,

The current research effort described in this report is a part of a con-
tinuing research program sponsored by the United States Air Force. The
objective of this continuing research program is to: (1) analytically define
landing gear=-soil interaction; (2) develop a system for comparing and rating
the flotation capacity and surface operating capability of landing gear contact
elements and landing gear systems during aircraft operations on soil runv. 1ys;
and (3) to develop systematic design procedures for optimizing the flotation
and surface operating capability of future aircraft., Phase 1(6) of this program
included a survey of the flotation problem, establishment of the critical
paraineters, and an investigation of available flotation data leading to the
development of a flotation analysis equation. Phase II(Z) included the
development of an empirical sinkage prediction equation, development of a
lumped parameter simulation sinkage prediction technique, conducting the
Rolling Single Wheel Verification Tests, and the development of the Single
Wheel Relative Merit Index (RMI) system for defining comparative flotation
capacity (see Figure 1 for a typical comparative rating). Phase III - Part I(l)
congisted of the development of the multiwheel sinkage-drag analysis
equations, conducting the Multiwheel Verification Tests, and the develop-

ment of a lumped parameter iteration technique for simulating the

i . ____‘A‘ —
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I
AIRCRAFT LLANDING GEAR |
L iy TINGS
(R/P)M FLOTATION RATI
r l Based on:
0.00 Rolling Drag (including multiwheel
effects) Performance in the 5 to
30 Knot Speed Range.
C-123K — __c.119G
0.05
C-131E |
A\ «
Co5A LIQ_ C-130E The aiccraft listed are
. rated based on data
= taken from Keferences
C-133B — :g 8, 9, and 10, using the
a conditions listed below:
L— C-135A
0.15 © Soil Strength ~ 8 CBR
o (250 CIavg)
o Normal Landing Weight
9 Normal Tire Deflection
__ KC97G z Clay Type Soil
0. 20 @
@
o
= (
Q
=}
L]
C-141A
0. 25
) 1
0. '30
1-1-72 d

Figure 1, Cargo Type Aircraft Landing Gear Flotation Ratings




interaction of dual tires on soil. Phase III - Part II, described herein,
included:

- Braked Wheel Verification Tests

- Lumped parameter braking simulation technique computer program

- Development of braking analysis equations for defining braking
drag ratios

- Preliminary studies of multipass and speed effects.

The results of the tire/soil interaction studies conducted to date, as
well as the results of numerous mobility studies, were used to develop
the Aircraft Flotation/Operation Summary Guide presented in Table I.
The information contained in Table I provides an up to date review of
flotation information for aircraft operations and design personnel. Tle
details of the development of this information are available in past
reports(l-7). Reference to Table I indicates that considerable progress
has been made to date (1971) in establishing and verifying the criteria for
the primary flotation variables of sinkage, drag, multiwheel, and braking.
Based on these criteria it is now possible to develop systematic landing
gear design procedures. One such system(u) which was recently developed
is detailed in Figure 2. The basis of the design approach uses drag and
sinkage as the optimizing variables in selecting candidate landing gear
designs. Each design is then further evaluated by the multipass analysis

procedure and the resulting information is used to select the finalized

landing gear design, As additional information becomes availabl : on landing

o

gear loads, aircraft turning interactions, landing gear storage volumes,

and weight trade-offs, a full optimization design procedure will be developed.

R AR R A AL SO 190 oy

i

i

&

: \.\ﬁ%ﬁf*“»‘
w

P
SAm et




7 depgran- ety

-y

T T v e

{c€ 28ed s08)

*2L-1~1 JO s® paysjqeiss n Lupo pue pues “difs futseadrug

uv0q jJou sey Buryezq uo spasdse Lego pue pues odeyqurs Juisevasoul
29431y jo €329532 ayy °93uez pdads it soseadduy opea Jeap Sunjeraqg -
jouy G O3 § 913 ut pues af aBexurs Ae[d> uy Bupjeiq a0) Ljd3eaapowr ssesadur soduyurs -
paesq oy 3dagye saop L31do1aA  ‘9Bues pues ul Jujelq J0j A{poaydewr aseadour sofexuig -
jous Gr 03 £ Y} u syI08 £e12 203 m\ﬂﬁ y3du, 236 (10§ pues [erjiut jo yuodpuadapuy ‘&\Qr: orjea Jeap Junjeayg -

Y3 30339 03 30U Umoud| st A31D0[IA (15 o3ed aog)

srqujreae suotienbo sisdeue (o /Hy) oyea Jesp Bupjeag -

R

1291 poxueag

s s

aszi<
Q62’1 < -

S ICERI

Sos & ; 0 CON A A K A
*S21317012A JIT pue | uoifay 4q . oz s -
poduaunpjut jou Suideds wnwndo Afayi _ pues *q §7z= 10 §L°LF

Azsa  umouy jou st Sutseds [soym

A ‘ . . o
spdunuw wnwtido uo sousnjjul RS0 A epd ‘q6°¢ 0939672

pues ‘g zoiqeLl -
(1 2ouuan)ay] 298}
(a8ues L11o0f2a J1 uotioy) uoneziwiuiwe Seap uo paseq Juiseds wnwndo

Suppovayuon -wapue

Aupoed I -wuopue]

utmL,

1994 2dnIvN

peoy 2413 Juisedad9p
yi8uaays [1os Juiseasoul
uol3dap)ap 212 Surseaaosul
aojdwelp 3xy Suiseadouy
itm 8daoadwe; douewdojaod uoyjeofy -
- _ . wuejrodwl jou diysuoniejar Seapsofesurs (f votoy) paods mory -
siouq o > 11 ueldoY = &30ux g AN Aq pauyyap Ay eutwipad Aroays Seapy/aSeuys (J11 volBay) poads ydiy -
sjou ¢ 5 [ ooy s ¢ ) SEM
drewnixoxddy nan
aduea £3100[34a
. : d o8 s .
souviava Buip/ofeyurs jo suoday ¢ {f uoi89) ‘Aeld pue pues 10j djqe[reav nu@t«ﬂ.ﬁﬂﬂmﬂﬂﬂuﬂ:ﬁ%ﬂ ofexurg
oBuea A3100(94 JJ u01ddY ‘e{los ((€ ‘(I/A)ETE + 81070 =d/Y
(U/7) onyea afequls Yiia $I;u{dA200 (] /Y) onyvy Ieaqg -

{2 vouvaajay aos)
i1 uoiday > sjouy o

23ym a(duts

ALIDOTHA ) OVIA UNV JOVINIS

A719dVIdVA NOLLV.LO'TS

FAINO NOILVIOTI TIOS NO STFYIL-AONITHYITIFTYE ADINT

I Z3TEV.L

P S SN o .

LY,




sdemuny 1108 uo uorzeradQ/uo13elOT g 3FeIDIIY 1037 ufisa(g wa3sdg xean Surpuey 7 2andig

(sioay30 ssedumpw - 8peorT 3uruang, wnwixew - *233
Paymunw 3urpnpour) Jexqg 939 ‘yiBusrT Suipuer - sumiop a3eioig/iydiom oiseg - ‘y38ua Surpue
Suirioy jo uoneziwuI — yi13usg jjooyey - - §PeOT IBIN WINUIIXEBW - —— yi8uarg yjoare L
uo paseq sufisaq 1esan Buuany, - y38ua SurpueT - oney fezqg Supjexg
FuipueT aepipue) ysiqeisyg 1oedwy Butpuery - yiBuary yyoayey - oniey feaq Buyrroy
wnmv*mkm - Qkﬂﬂmmh [e}] m@aw.ﬂm uwﬂku.um< -
$ SYALANWVEVI
‘NO qasvd NDIsSAa NDISTIA 9vID NOILvd3IJo
dLVAIANVYD HOVT 40 ONIANV'T TVNIJ 40
SISATVYNYVY TVYNOILIAAV NOILOJITIS ANV NOSIHVAWOD

ssauyBnoy Bunnsoy

wnwixew 20e3Ing 1105
¢— 8UO1IIPUO))
TeRIUT adezang 1108 hl
sIxajawered yifuarig j108
LOJNT STIOS
*239 “1yBapm -
speoTT adejang - )
speoT joedwy -
swnjop a8esojg - *
(o3 Jajawreyq axty
‘8utuiny ‘prys-nue jo WNWIULA pue WnwWixepw - *219 ‘Bujuany
uonudosax apnyoul) $311], a1epipue)) atdog xad saxil jo ‘oN {adejang paey) dwng deig pue qsg
sa18og azepipuer < ysiiqeisy < WNWIUIA pUe WNWIXepW - < ‘A1Y Ul IDUBVWIIOFIIS
TentUl ysiiqeisyg sa180g jo uoneso pue ‘oN - ‘peoTT 88020
SNOILV.LINIT SLNTNIYINDI Y
| NDISTT dvaD DNIANVL IONVINEOIHIL LIVHDOUIV
. T e e s s x,%gﬂﬁ%%_ S s\

I




T T WY

—

K4 Jua

T

SECTION II
BRAKING SINKAGE AND DRAG ANALYSIS

A. BRAKING VERIFICATION TESTS

Purpose and Objectives

The purpose of the braked tire on soil test program was to obtain
data for the further study and development of theories concerned with
predicting the influence that braking action has on aircraft tire performance
on soil. Verification and possible modification of the previously developed
semi-analytical braking theory(l) was of primary interest. The specific
objectives include:

1. Verify the variation of sinkage with increasing percent negative

slip (braking) for tires operating in sand and clay type soils.
2. Further establish the variation of the shear force at the tire
soil interface with percent negative slip (braking).

3. Study the influence of speed, in the limited velocity range of 5 to
20 fps, on braked tire drag and sinkage in sand and clay type
soils.

4. Comparatively study test data with braked tire drag ratio pre-

diction equations and also the lumped parameter iteration
braking solution.

5. Evaluate the influence of high tire deflection on braked tire drag

and sinkage in sand and clay type soils.

Test Program

(3)

Based on a previous experimental braking study' ™', speed was
observed to influence both sinkage and drag for aircraft tires braking in
soil. Due to current funding limitations, however, only a limited velocity
range was studied in this test program, while also accomplishing the
previously listed objectives. The test program was designed to give drag

and sinkage data that was in the range of application to aircraft flotation

{
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analysis, The test program which is summarized in Tables II and III for

} the clay and sand type soil was run with a 7:00-6, 6 PR Type Il tire, and a
} 8:50-10, 8PR Type III tire. Both of these tires had been used in the previous ?
flotation test programs, and therefore, offered the best conditions for
correlation of the current test data with that information obtained previously.
The following parameters were measured for each test:

L Vertical Load (P)

Drag Load - Rolling (R) and Braked (RB) 4
Braking Torque (T!')

Wheel Velocity (Periphera‘)(Vw) <
for calculation of % slip (S)

4 4
a

Carriage Velocity (Va)
Wheel Axle Vertical Movement (Za)
Soil Strength (CIa.v )

g
Rut Depth (Zg)

’ In addition to the variables mentioned above, complete sets of tire

data including such items as measured rigid surface contact area (A), and
footprint length (f) were taken for both tires. Soil strength data including
density, moisture content, and cone index values were obtained periodically ‘
during the testing. The instantaneous soil sinkage (Z) can be determined 1

using the measured values of axle movement and rut depth,

Test Equipment ]

All braked wheel validation tests in this program were conducted at
the U, S. Army Waterways Experiment Station (WES), Vicksburg, 4
Mississippi, at the model wheel facility of the Mobility and Environmental
Division between the dates of April 14, 1971 and May 12, 1971. WES
modified their basic dynamometer slightly during the program to accomplish
the tests. Initially, the tests were to be of a programmed slip type, but
the equipment that was to apply the braking torque to the tire was not
capable of completely stopping the tire from rolling. As a consequence

of this, the test procedure was modified slightly, in that the slip (braking) ‘

{
Y
3
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b TABLE II
| BRAKED WHEEL VERIFICATION PROGRAM - CLAY
7:00-6, Type III tire ‘
| 8:50-10, Type II tire
S —— e
P Tire Deflec- Vertical Forward Soil Strength, :
k Tire tion, % Load, lbs. Velocity, fps (Clav ) |
) (d") (P) (V) g ,
‘ 7:0046 35 900 5 40 v
7:00-6 35 900 10 40 1
7:00-6 35 900 20 40 l
7:00-6 42 1100 5 40 ‘
b 7:00-~6 42 1100 10 40
7:00-6 42 1100 20 40
8:50-10 35 1500 5 40 i
8:50-~10 35 1500 10 49
8:50-10 35 1500 20 4y
8:50-~10 42 1700 5 40 ‘
8:50-10 42 1700 10 40
8:50-10 42 1700 20 40
&
| .
|
|
|
| ;
:
8 i
{
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TABLE III
BRAKED WHEEL VERIFICATION PROGRAM - SAND

7:00-6, Type Il tire
8:50-10, Type III tire

Tire Deflec- Vertical Forward Soil Strength,

Tire tion, % Load, lbs. Velocity, fps (C1 )

(@" (P) (Va) ave
7:00-6 35 400 5 40
7:00-6 35 400 10 40
7:00-6 35 400 20 40
7:00-6 42 450 5 40
7:00-6 42 450 10 40
7:00-6 42 450 20 40
8:50-10 35 600 5 40
8:50-10 35 600 10 40
8:50-10 35 600 20 40
8:50-10 35 1000 5 40
8:50-10 35 1000 10 40
8:50-10 35 1000 20 4n
8:50-10 42 700 5 40
8:50-10 42 700 10 40
8:50-10 42 700 20 40

R . e R R T R R B N T

?wmmm.n w e
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is not a linearly increasing function along the test track. Figure 3

shows the dynamometer with the 8:50 x 10 tire mounted.

Test Tires

As mentioned above, two previously used tires were chosen for
this test program. The tires were the 7:00-6, 6 PR Type III and the
8:50-10, 8 PR Type IlI, The tire geometry data for these two tires
can be found in Table IV.

Soil Tests and Preparation

The two soil types chosen for these braking tests were buckshot
clay and mortar sand, both of which were used in the previous multiwheel
and single wheel testing programs. Two purposes were fulfilled by the
soil tests conducted, first to insure an accurate description of the test
soil and its uniformity, second to allow possible correlation to other tire
soil interaction theories by collecting an optimum amount of information
describing the soil. The soil tests that were conducted are moisture and
density determination, mobility cone penetration resistance (CI), and
the California Bearing Ratio (CBR). A complete description f each soil
test is given in Appendix I. The summary of the correlation data taken
to relate CBR and CIavg is presented in Table V. The summary of the

moisture-density determination is in Table VI.

Test Results - Buckshot Clay

The finalized test results for the 21 tests run in buckshot clay are
presentcd in Tables 16 through 36 which are presented in Appendix II. The
data presented represent average values of the measured quantities, as
obtained by plotting the test parameters versus the test bed length and
then reading off the values of load, tire drag, sinkage, and braking torque
for even values of slip. A typical plot from one of the clay tests is shown
in Figure 4. As can be seen in tuis figure, the slin was continually varied

throughout the test in order to study the variation in braking drag with slip.
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Soil Type

Buckshot Clay
Mortar Sand

Soil Type

Buckshot Clay
Mortar Sand

TABLE YV
TEST BED SOIL CONDITIONS

Design Soil Strength CIavg

CI (0" to 6) 0" to 6t CBRg g CBRy
avg
40 38.9 1.13 9.88
40 43.9 1. 86 1. 48
TABLE VI

MOISTURE-DENSITY DATA SUMMARY

Average Conditions
Design Soil Strength Dry Density Moisture Content

1t "
CIavg (0!t to 6') Y4 (pcf) w (%)
40 77.5 41.9
40 100. 4 less than 1.0
13
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All the tests were run with the slip varying from approximately 10% to 100%
(100% slip is a fully braked tire). All tests did not reach 100% slip. This

r A

was accomplished by holding the carriage speed constant while reducing
the peripheral tire velocity during each test run. The CI value given in

the tables in Appendix II represents the average value of five before-traffic
tests and is given as the average penetration resistance over the first six
inches of soil profile in psi. The sinkage values reported were arrived at
through empirical relationships relating tire sinkage to both rut depth and
axle movement. Soil strength measurements made in the tire ruts after

each test are included in Appendix I.

Test Results - Mortar Sand

The finalized test results for the 19 tests run in mortar sand are
presented in Tables 37 through 55 which are presented in Appendix II. As
with the clay data, the values given in these tables for the various parameters
were obtained by plotting the test parameters versus the test bed length and
reading the values of ;oad, tire drag, sinkage, and braking torque for even
values of slip. Each test was a variable slip test, where the tire started
at zero slip (free rolling) and was braked to a value of 100% slip (fully
braked). All tests did not reach 100% slip. The soil strength of each test
section was measured by five cone penetration tests before the test run,
and the average penetration resistance over the first six inches of soil
profile is presented. The sinkage values reported were arrived at through
empirical relationships between tire sinkage and both rut depth and axle
movement. Soil strength measurements made in the tire ruts after each
test are included in Appendix I. These results of the Braking Verification
Tests are used in the next section to further develop braking analysis
equations suitable for predicting braked tire on soil drag ratios (braking

coefficients).

B. BRAKING ANALYSIS EQUATIONS

(1,

2 < s .
Previous investigations ) have indicated that in both sands and

clays, the total drag resistance (Rp) on a braked tire is a function of two

15
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components:

Rp =Rp +R., (1)

the horizontal soil resistance to forward motion, exclusive of soil shear
resistance, during braking (RR), plus the horizontal componert (RT) of the
net shearing force resistance (T) between the tire anl tL: soil as a function
of slip. Figure 5 shows the forces and interface conditions for such a

(1, 2)

braked tire. It was shown during these prelimirary investigations that

the RR term was independent of slip and could be determined from a rolling

resistance formula as a function of sinkage,

Rp

5 = f(Z/D) (2)

The RT term however is a function of both slip and sinkage, and a relation-
ship between RT and various tire parameters including slip and sinkage

were determined semi-analytically based on experimental data which existed

at that time (1970).

Summary of Previous Braking Analysis Equations - Cohesive Soiis

Using this braking theory, the following preliminary braking prediction
equation for cohesive soil was developed using data developed by WES(IZ)
and compared to data produced by Lockheed(3) prior .o the testing program

described in this report.

RB RR RT K CIav 'Dz 1/2
- + P - 3.85 (zZ/D) +-—-——-g-—~P (Z/D) " "u(S) (3)
_ .S \1/2
where y(S) = (—_100 » and
D = tire outside diameter S = percent tire slip

Z = instantaneous soil sinkage P = vertical load

K=0.11 CIavg = average cone index over 0-6'" depth

16
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Rp

= horizontal velocity of axle T! = braking torque

= peripheral speed of wheel RR = forward motion soil drag

= ingtantaneous soil sinkage Ps = vertical soil reaction

= angle defining plane of contact T =tangential shear force

= vertical load I;Z =length of equivalent plane
of contact

= braking drag

Vv
S = percent negative slip (braking) = (—‘-/.Y!- - 1) x 100
a

Figure5. Braked Tire/Soil Interface Conditions
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The RR term was developed from rolling tire data for clay type soils as
(2)
d'.

previously reporte The R, term was developed from the horizontal

T
component of tangential force (T) shown in Figure 5. The tangential force

is calculated based on the Coulomb theory for shear force at an interface

as
T=A, (c + 0 tang) W(S) (4)

where

AZ = area of equivalent plane of contact at sinkage Z

c = soil cohesion

G = effective normal stress

¢ = angle of internal friction of soil

(S) = nonlinear function of slip.

The horizontal component of T is given by

Ry = A, (c + 0 tang) Y(S) cose (5)
where
- 27 -
0=90° - [sin” (1 - 2&) + 3 cos™1(1 - 242 1
D 2 DZ

where £ = tire footpring length (rigid surface). Knowing that £ = 0,45D for
most aircraft tires, Figure 6 was developed which gives §as a function of
Z/D. For cohesive soils, the tan¢ is zero and the cohesion, ¢, can be
replaced by the average cone index, CIa.vg' Assuming that the equivalent
contact area A_ is a function of the tire diameter squared and the sinkage

Z
ratio, (Z/D), RT was shown to be represented as follows:

R. =K- CI- D° - (z/p)}/?

T « 4(S) - cos® (6)

where

K = constant.

‘A.‘-..—‘A‘_.‘ [ R .
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It was further assumed that 6 was relativei, small (cosf ~ 1.0) and cos®
was dropped frem the prediction equation which results in the form given

in Equation (3).

Analysis of Braking Verification Tests - Clay Soil

In order to further study the empirical constant, K, contained in the

L RT term in Equation (6), Figure 7 was developed which shows a plot of the
4

experimentally determined R,, component of the braking drag divided by

z

the numeric, [CI- DZ-(Z/D)I/ cos@], versus slip as taken from the results

14 4

of the Braking Verification Tests., RT was determined by subtracting the
rolling drag, RR' from the total measured braking drag. This was

accomplished by calculating R_ as a function of Z/D based on single wheel

rolling tests previously conducied on buckshot clay by UDRI(Z). As can

be seen from Figure 7 the limiting value reached by RT/CI- D2~ (Z/D)llzcose

’ depends somewhat on the forward speed but in general is less than the K
value of 0. 11 previously established and given in Equation (3). Although

coefficients could be selected for each forward speed, a K value of 0. 08 would

seem appropriate in representing an average response over the 5 fps to

20 fps speed range for higher percent slips.

The results of the Braking Verification Tests were also used to
further study the rate of growth of the RT term as determined by plotting
the value of RT at each slip divided by (RT)max versus percent slip as
shown in Figure 8. Keeping the simple form of u(S) given in Equation (3)
in mind, Figure 8 indicates that the growth of RT is faster than that
i previously indicated, and the revised function which is applicable for

negative slip rates greater than approximately 15% can 1. given as:

_ ¢S ,1/3
u(s) = (-—-100) (7)
i where
K = constant.
20 _
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Based on this analysis of the verification tests, the braking

prediction equatioa for buckshot clay would take the form:

B R T

2
- + = = (/D) +0.08CI D

P

(Z/D) l/2;,1(S)cose

for 5 fps < Velocity < 20 fps and 0.01sZ/D<0.10

where

f(Z/D) = % for buckshot clay (see Reference 2)

us) = (55"

Note that the cos@ has been retained here for completeness.

Using Equation (8), the predicted braking drag ratio was compared to

the actual measured data as shown in Figure 9. Reference to Figure 9

indicates an approximate +£10% scatter waich is due to: (a) the use of an

average K over a velocity range. and (b) the use of a slip function, u(S),

only approximately describes the rate of growth of the Ry term for the

5 fps to 20 fps velocity range. No information is currently available

defining the slip function for speeds greater than 20 fps.

Equation (8) can only be used if the braked sinkage can be calculated.

One preliminary method of braked sinkage prediction is to consider the

braked sinkage as a function of the free rolling sinkage. From a review

of all existing braking data, including WES, Lockheed, and UDRI (see

Appendix II), the maximum braked sinkage is between 1.5 and 3 times larger

than the free rolling sinkage. Therefore, as an approximation, the braked

drag can be calculated from the above equation assuming that

23
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(zBraked fax 2.5 ZRolling ’ (9)

The torque measurement results for the braked tire tests on clay are

———— v ——

represented by the curves presented in Figure 10, No torque prediction

theory has been developed, however, it is interesting to note that the torque

required to brake a tire on scil increases rapidly for low slip values, and <
reaches its maximum value at between 25 and 50% slip as compared to the

braking drag which continuously increases throughout the entire slip range.

As seen in Figure 10 the trend is for the torque to reach its maximum value 1

at or about 50% slip and then to remain constant or decrease in value as

A

T

the slip increases. The relationship between torque and velocity for the ‘
clay braking tests is seen in Figure 11, where the average torque for
35% and 42% deflection at 90% slip for each tire is plotted versus velocity.

The torque requirement increases slightly with velocity.

L Summary of Previous Braking Analysis Equations - Cohesionless Soils

The following preliminary braking prediction for cchesionless soil |

)

was developed using data from WES(12 and compared to data produced by I

Lockheed(3) prior to the testing program. i

R. R. R 2 1
B R T ab
= =5 tp =0.048 + 2.7%(Z/D) + ) H(S) (10)
where j
. Q’=P/A1 K =29
: IIIRTE 1 ‘
. WS) = (755 ’ i

Ay e

and A = rigid surface tire contact area.

na

The RR term was developed from rolling tire data for sand type soils as

previously reported. The RT term is the horizontal component of the

-

tangential force (see Equation (4)) at the tire soil interface and is given by

{»‘%{;ép{‘i‘z’ﬁfw{%ﬂf L gty o

-£F
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Rp.=A, (c+ otand) W(S) cose . (11)

In the cohesionless soils, the cohesive term, c¢, in this equation is
zero. Replacing 0 by o = P/A, where A ic the rigid surface tire contact

area, and Az by [D% (Z/D)™], Equation (11) can be written as,

Rp

—5——— =« tanp - U(S) + cos@ (12)
D“(z/D)"

Initial analysis of sand data(l) developed from data in the 0 fps to

5 ips velocity range, indicated that RT was only a weak function of Z/D

and was therefore deleted from the above equation. It was further observed

during braking in sand, that considerable sand flow takes place not only at

the tire soil interface but also ahead of the tire. Based on this observation,

it can be reasoned that the RT term might very well be independent of the

initial soil strength since the sand disturbance and flow very likely causes

the shearing strength to be determined by some large deformation equilibrium

void ratio condition rather than the initial strength. Therefore a preliminary

relationship developed from Equation (12) and the WES braking data
found to be

(1) was

2
oD
RT = Kl 1(S) cosd (13)
where Kl = constant for sand.

It was assumed that 8 was relatively small (cos6= 1.0) and cost was

dropped from the prediction equation which results in the form given in
Equation (i0).

Analysis of Braking Verification Tests - Sand Soil

Reference to Table III and Table IV indicates that for the braking tests
conducted in sand that DZ/A was approximately constant for all the tests

(both 7:00-6 and 8:50-10 tires). Additionally the Z/D's for each test

28
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resulted in cos@'s which were approximately equal. For the sand braking

tests at S = 100%, Equation (13) can be written as

R 2

T D
P “Ak, ©°%° (14)
1

H

which implies that their RT/P values should also be approximate'y equal.
Table VII shows this R'I'/P comparison at each velocity for the 7:00-6 and
8:50-10 tires for sand soil. RT was determined by subtracting RR’
determined as a function of sinkage for mortar sand, from the actual

measured braked drag.

TABLE VII
R_/P COMPARISON, SAND BRAKING TESTS
vel:;?ty 7-0R0T6/ 1;ire 8-1:: /11:) Tire
[FPS] ’ e
5 0. 45, 0.52 0.50, 0.45
10 0.58, 0.59 0.61, 0.58, 0.56
20 0.77, 0.74 0.79, 0. 74, 0. 74, 0. 72

A review of the above table indicates a definite trend in RT/P with velocity.
The R,_,/P term increases with increasing velocity which indicates that

T

DZ/AKl is not the same for all velocities. Therefore, K1 must vary with

velocity in sand.

In order to establish a velocity constant for each velocity, the
measured R_, values were plotted versus the predicted RT values using the
previously established Kl = 29 (see Equation (10)), as shown in Figure 12,
13, and 14 for velc :ity ranges of 5, 10, and 20 fps. Using a best fit line
through the plotted data, a correction was applied to the constant Kl to
account for the variation in predictions for each velocity range. The

adjusted values for K, are presented in Table VIIIL.
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TABLE VIII

VELOCITY CONSTANT FOR SAND
BRAKING TESTS b

Velocity, V, (fps) K1 Value

L 5 15
10 12 4
15 9

o .

The variation of R /RT for sand was also examined based on
T max
the results of the verification tests and the result is given in Figure 15.
Figure 15 shows some scatter of the data by forward velocity but in general
indicates that for slips greater than about 15%, the relationship
S .1/2

W) = (750! (13) _
A

adequately describes the variation of RT with percent slip.

|
Using the verification test data analysis, the braking prediction !

equation for the mortar sand would take the form

B_ R, Rr_ an’
= to = f(Z/D) + P K(S) cos6 (16,

Y 1
! for 5 fps < Velocity < 20 fps and 0.01<Z/D<0, 10

g R. R. R 2 {
!

where
Ky
f(Z/D) = R/P for mortar sand (see Reference 2), and

1
* us) = o) /2 .

= function of velocity (see Table VIII)

Equation (16) was then used to predict the braked tire drag ratio

R USRI WU S

and compared to the measured braked tire drag ratio as shown in Figure 16.

L k.
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The scatter in the data is attributed primarily to the use of the approximate

expression for W(S) for the entire velocity range of 5 fps to 20 fps.

As for cohesive soils, no torque prediction equation has been

developed, since however the RR portion of R, is the resistance to forward

motion and would be present even if no braking torque were applied, the

RT components in the force relationship acting on the wheel is the force

which balances

the applied torque in a steady state braking condition,

That is:

T/(torque) = moment arm X R
For sand tne RT relationship is given by

T D (17)

which is a constant for a given velocity range in the verification test data.

The torque would then be given by

T'= moment arm x (P x constant) .

e tire diame'ler

If it is assumed that the moment arm is proportional to th

{= KZD), then the torque becomes

T'= (KZD) (P x constant) = constant X PD.

ndicates that the braking torque for tires in

Reference to this equation i
product of the vertical tire load (P) and

sand would vary linearly with the
the tire diameter (D). Table IX shows th
for the 7:00-6 and the 8:50-10 tires for the verifi

e results of such a comparison

cation tests and indicates

that such a relationship is approximately valid.
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TABLE IX

COMPARATIVE TORQUE (AT 90% SLIP) SUMMARY,
SAND TESTS

— —y—— v ——

Predicted Measured
Velocity, (Mg.50-10_ P *Pg.50.1¢ (Mg.50.10
[ Vo (ps) (T7.00-6 P*D)7.90_7 (T)7.00-6
T 5 2.16 2.23 :
L 10 2.17 2.39 §
: 20 2.20 2.26

.

Figure 17 shows the variation of the torque reguired for braking

] in sand as influenced by the percent slip. Unlike braking in clay, the

torque requirements in sand continually increase throughout the <lip

b range. The influence of forward velocity on the braking torque require-
ments in sand is examined in Figure 18 which shows some increase in

braking torque as the forward velocity of the wheel increases. -

As for clays, the resulting drag ratios for braked tires in sand
can only be predicted if the instantaneous braked sinkage is known.
Unlike clays, however, the ratio of the braked sinkage (zmax at S = 100%) 1
to rolling sinkage (ZR at S = 0%) ranges from approximately 4 to 15
i for sand type of soils. On the basis that the fully braked sinkages are
controlled by the resulting large deformation soil strength, it is logical
to expect the ratio of Zmax/ZR will be in the upper range {approximately

) 8 to 15) for high vatues of o/Cl___, while Z /Z_ will be in the lower ‘
avg max

R
range (4 to 10) for low values of o-/CIavg. This trend in the variation of
1
Zmax/ ZR was noted previously in the analysis of WES's braking datal*), ‘

While the results of the Braking Verification Tests do not confirm the A
absolute numbers previously established( l), the trend in the data was

confirmed.
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C. ANALYTICAL BRAKING ANALYSIS (LUMPED PARAMETER

TECHNIQUE)

This section contains a description of the analytical/numerical approach
utilized to approximate the sinkage of a braked aircraft tire into a soil runway.
The approach used is not the same as was originally proposed due to accuracy
difficulties which were encountered. Originally it was intended to use a
finite element mathematical model based on the Reissner energy formulation
of deformable solids. This approach was programmed and tested on a
completely elastic problem for which the solution is known, The stress
results obtained with this program compared quite favorably with the known
stress; howev~r, the displacements were considerably in error. Since
displacernents (sinkages) are of greatest importance for this project it was
decided to ibandon (temporarily at least) the originally proposed approach.
Therefore, the analytical/numerical approach which was utilized is the
lumped parameter iteration approach which has proved to be successful for

other aspects of this program.

Problem Definition

The idealized problem which was considered is defined below by listing
the assumptions which were made and discussing the loading, region of

solution, and boundary conditions.

Assumptions

~ A single wheel is in contact with the sample of soil under consider-

ation.

= Only vertical loading and horizontal shear loading are applied to the

soil surface.

= The deformation of the soil material due to the loading considered
results in a state of plane strain; thus, the problem is considered to be

two-dimensional.

40
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Loading

Figure 19 shows the portion of the soil surface which is loaded by a
uniform vertical pressure, P and a uniform shear distribution, P, The
indicated loading is intended to represent the effective loading applied by an

aircraft tire during braking.

Region of Solution

The loading shown in Figure 19 is applied to a soil surface which is
infinite in length and depth. In order to obtain a solution by numerical
means, the extent of the region affected by the loads must be restricted to be
finite. Figure 20 shows the region of the soil medium considered in the
computations. The dimensions of the considered region were selected such
that the applied loading has negligible effect on the displacements at the

extremities of the region.

Boundary Conditions

- Under the applied loads the normal stress is equal to the applied

vertical pressure and the shear stress is equal to the applied shear stress.

- The shear and normal stresses are zero on the remainder of the
soil surface.
- The displacements are zero on the artificial boundaries which limit

the extent of the soil medium (Figure 20).

Mathematical Model

As in the cases in which the lumped parameter approach was used
previously to model tire/soil interaction, the soil medium was taken to be
elastic-perfectly plastic with the elastic deformations governed by Hooke's
law, the plastic deformations governed by an incremental stress-strain
relation based on the normality flow rule, and the plastic yielding governed
by the Drucker-Prager yield criterion. The soil parameters of the model

consist of the elastic Young's modulus, the cohesion and the friction angle.




SOIL

A= tire/scil contact length

p,=uniform vertical pressure

p, =uniform shear distribution

Figure 19. Simulated Loading During Braking

Pn .
‘f_‘f_’iif/,-/_p:—/_so” surface

- % [ )
Pr=UNIFORM VERTICAL PI'IESSURE
P; <UNIFORM SHEAR DISTRIBUTION

everal tire
diameters

— S

[——several tire diameters——————|

Figure 20. Region of Solution
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The vertical pressure~time curve is shown in Figure 21; this is the

same pressure pulse used previously. For the case in which braking effects

are present, the horizontal shear loading (Figure 19) is taken to have the

same time variation as the vertical load (Figure 21) and the magnitude of the

shear load is expressed as a percentage of the vertical pressure,

The soil region shown in Figure 20 was modeled by the lumped

parameter technique (see Figure 22) wused previously to solve the single-

wheel, vertical pulse loading problem(z) and the multiwheel and tandem wheel

problems 1’13). The reader is referred to References 1 and 2 for a detailed
description of the lumped parameter approach. The mathematical relations,
which govern the behavior of the lumped parameter model of a soil medium

subjected to surface loading, are summarized in Appendix III.

Computer Program and Results

A FORTRAN IV computer program has been written to implement the
braked-wheel/soil-interaction mathematical model on the CDC 6600 computer
at Wright-Patterson Air Force Base. The program computes the instantaneous
sinkage of a simulated, braked aircraft tire into a soil runway. To date,
only one braked condition has been processed with this program. Therefore,

a detailed description of the program (FORTRAN IV source deck listing,

input data instructions, output irterpretation, etc.) is being deferred until
sinkages have been predicted for a range of braking conditions. When the
complete series of data have been processed,a separate report will be
submitted. This report will contain a complete discussion of the analytical

braking analysis, the computer program and the results, and will be entitled

"Braked Wheel Sinkage Prediction Technique and Computer Program."

The results of the single condition, on cohesive soil, which has been pro-
cessed with the braked wheel sinkage prediction computer program are pre-
sented in this section. The particular braking condition considered was the
case when the horizontal shear load applied to the soil surface is 25% of the

applied vertical normal pressure. All other parameters were taken to be
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the same as those uiiiized .n the multiwheel solutions so that comparisons

could be made. In particular, the various computational parameters are; 4
b Soil Parameters: :
f Density o = 130 lb/cu. ft.
Poisson's Ratio v =0.45 )
1 Young's Modulus E = 8950 psi
p Cohesion c = 2000 psf y
Friction Angle ¢ = 150 '1
? Shear Yield Stress k = 2440 psf ;
{This set of soil parameters corresponds approxi- <4
mately to a clay soil with CBR = 8-10.) !
} Load Parameters:
Tire Footprint Length £ =12.01in ‘
' Peak Surface Pressure Pax = 24600 psf
Pulse Duration ty = 0.05 sec
Load Ratio (shear to normal) g =0.25 .
Computational Parameters:
Time Increment At =6.25 x 10-5 sec
Space Mesh Size h=3.0in 1
No. Width Mesh Points M'= 47
] No. Depth Mesh Points N'= 27 ‘
Figures 23, 24, and 25 summarize the results obtained using the braked
P‘ wheel sinkage prediction computer prograrn for the case when the braking .
i shear stress is 25% of the vertical pressure load. Figure 23 shows the ‘
vertical deflection of the soil surface at three isolated times during the !
appli-~ation of the load pulse shown in Figure 21; Figure 24 shows the |
horizontal displacement of the soil surface at three particular times; and |
; Figure 25 traces the complete time history of the vertical deflections of 1
Stations 23, 24, 25, and 28. !
:
1

46

T =T




T e el B e A

— T - -- ‘1‘1‘7! — - - - v - -« v - -

soerIng [rog Jo juawaoerdsi(q (21349 A °¢Z 2andig

noﬁuo.:vn.‘x ur JaquIN) uolIeIS JUIOF SSeW

{ 1 Ll [ { ! 1 1 ! I { 1 1 I I
a11dd
, pouddy

i ..MTI LI peo] “

asnd peor 30 wOonRANP WY = vu
owy pasdeld = 3
y33ua 30eIU0D (108 /33 = ¥ L

adeyuls snoauejueIsul = 2

8¢ 9¢ Te ’e 0¢ 82 9 ke 72 0z 81 91 vi 21 0t 8

80
90
v0"
N
~
20" =

20°

v0-

(teuotsuawipuoN) juswadeidsig 1e51349 A

90

e

_———a_ e . M .. — & Y VAN — A,

47

RS E.,,\.ﬁ%%&ﬁmwmm%mﬁa&

R

el £ L
RN

o

]
a o~ - P

>




Jo®'JING [10G J0 WwAawwaedsi(] 1BIWOLIIOH  *H2 aan31 g

U013D3IIP- X UT IBQUINN UOTIeIS JuUtod SSeW

N
—
(@]
—
o8]

114 8¢ 9¢ 142 ¢ 0¢ 8¢ 9¢ 144 44 07 81 91 1

_ _ T _ _ _ T _ _ ]
— T T T T 1 e

~uele —peor

wn
g}
it
o
e
~
o

48

—{20°

asnd peot Jo UOPeINp SUI = P, —vo0°
aw pasdeld = 3

yiBuay 30vju0d T08/2a =7 —190°

uo2aXP~ X Uy judwacerdsip = 1

7/0 ‘(jeuoisudwipuoN) wauwoeidsig 12102110}




- J— [ — - - T —— - . - -
had - d - ——— hid M i - J
— I - -~ v - - ‘
~

SWIL YITM 87 PUB ‘G7 ‘b7 ‘€7 SIulog SSEN JO sjuswaderdsiqg [edWIaA ‘g7 dIndig

QW] ssaruolsusdwWIl(

I 01 6" 8" Le 9 " b € 2" - !
| 1 1 I | T 1 1 T [
90~ |
gZ uollrig i
uoiljel
€2 els G0 -
¥0 "~ W
€0°- § L \
2, 3
NO o w ,“_
oy J
o
w
o*- @
M o iy
o 1 ¥ ,
£
| 10° =
=}
I~
12
L 20° g
»
| : |
g2 uonEwlg . 2
| :
s u —f¥0° &
: ‘(Nd ‘@)d N
‘pasind 3nq Lxeuonjeys sy peoy paydde ayy ds0° ~ ;
,W : ‘$Z woweIs e paIajuad sy peoy Supjexq 3yl :FILON = -
ﬁ | y38uat 30eIN0D [108 /93P = ¥ "
1 afeyuis snosueineIsUl = Z
b

R

e

AT " o et ot AR
e aﬁﬁ&x@»%%m%%w@?
CERa

P SN Li."bb\btlbll‘l'.\‘ e “
- o . i



- ‘ b A —_—T T W TR
) . > -,

The sinkage profile under the loaded region (Stations 22-26) did uot

appear too realistic at first glance since that is not what one would expect

o —y— e

if a metal plate were subjected to the same loading. However, it muvst be

realized that a metal plate is very stiff and would resist such a deformation,

whereas the idealized problem considered actually corresponds to the case

g

when the loading is transmitted to the soil through a thin flexible membrane

e

since the soil surface is completely free to deformm. When this is taken into )

L consideration it is not too difficult to imagine the displacement profile shown 1
] under the applied loading in Figure 23, Figure 23 also indicates that there

is a substantial build-up of soil immediately in front of the braked tire;

-

this certainly is an expected phenomenon.

Figure 24, the plot of horizontal displacements, is not particularly
illuminating since the horizontal displacement distribution is difficult to
visualize. Reference to Figure 24 indicates that the greatest horizontal dis-
placement occurs directly under the loaded region and directly under the soil
build=up in front of the loaded region. Other points of the soil surface o

experience very little horizontal displacement.

Figure 25 shows clearly the *'rebound effect” which occurs under the ‘
loaded region (Stations 23, 24, 25); that is, as time increases the vertical 1

displacement first grows to a maximum value and then diminishes until a

permanent steady state sinkage is attained. Figure 25 also shows the vertical |
# displacement time history of Station 28, the point at which maximum build-up ‘
) of soil occurs in front of the loaded region. For small times, this point

behaves as though no braking were present (the displacement of this point

is in the same direction as the points under the load for small times) and

then pile-up begins. The upward dispiacement of Station 28 also increases

to a maximum value, but instead of decreasing to a steady state value, it F
increases further until steady state is resached. Apparently, the rebounding

of the soil under the load causzes additional pile-up of soil in front of the

loaded region., i
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‘ The maximum and permanent sinkiges (or build-up) of Stations
} 23, 24, 25, and 28 are as follows:
‘F Station 23 7 =0.59"
perm
z ax =0.57¢
! Station 24 % =0.35"
perm
p
{ Zmax =0.75"
L Station 25 z ~0.55"
N perm
Zmax =0.72" |
Station 28 % z =0.76"
perm
The results indicate that the maximum sinkage and the maximum soil
build-up are about the same magnitude, while the permanent build-up is

greater than the permanent sinkage. Also, the maximum sinkage obtained

for a single wheel without braking under similar conditions is about 0.5";

that is, (2 ) > (Z ) . The ratio of (Z ) to
maxX praked maX ynbraked max praked
(Z for this case is 1.5+ which compares to the range of 1.5
maX ynbraked

to 3.0 for cohesive soils from the Braking Verification Tests previously
described,

The total computer run time to compute the permanent steady state
sinkage by incrementing the load to its maximum value and then completely

)
removing it was approximately 37 minutes.

3
D. BRAKING SUMMARY
»3,12
The results of the previous braking studies(:l 3.12)

Verification Tests, and the analytical study of braked tire/soil interaction

» the Braking

now permit the establishment on a preliminary basis the following braked

tire drag ratio prediction equations. The value of K = 0.09 as given for

Equation (18) was selected based not only on the results of the Braking
{13)
d .

Verification T:sts but also on the previous work of WES( 12) and Lockhee
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Cohesive Soil

B.lm L tr g2, xa ETR
RP P P D P b 100
where
Z = braked tire sinkage, K = 0. 09
and
z (S =100%)
m;;(s:o%) ~2.0t02.5
and
2 knots s Forward Velocity < 15 knots,
and

Z
= <
0.01 = D 0.20

Cohesionless Soil

- W S S NS B
P P P : * ’ KIP 100)

where

Z = braked tire sinkage

and
Zmax (s,: i ~ 8 to 15 for ——— high
zZ, (5=0%) S
“max O 100%) 4 to 10 for =3— low
ZR (5=0%) - CIavg
and
K1 = 15 for Velocity =2 knots
K1 = 12 for Velocity ~6 knots
K1 = 9 for Velocity =~ 12 knots
and

Z
S - 5
0.01 ) 0.20

1/3

(18)

(19)




It should be recognized that the braked tire drag ratio prediction equations

are based primarily on experimental braking tests conducted to date (1971)
which includes only a limited range of tire diameters, tire loads, soil

0 types, forward speed, etc. They can be used, however, to provide pre-
liminary estimates of braking drag ratios within the stated range of limita-

tions and to conduct comparative studies of braking efficiency for various

1 tire parameters.
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SECTION III
MULTIPASS AND SPEED - PRELIMINARY

A, MULTIPASS

Efficient and effective use of forward area airfields by the Air Force

depends upon the development of a multipass criteria which will specify the

useful life of these runways. The two areas of importance associated with

multipass operations are runway deterioration {(roughness) and aircraft
drag load. A thorough review of the existing multipass flotation perfor-

mance on soil runways has been completed, and the following presents

the results of this review,

Existing Multipass Data

The major portion of the existing data was developed by the U, S.

Army Waterways Experiment Station(s) for the purpose of updating the

multipass design criteria for the C-5A aircraft. One of the major diffi-

culties of previous multipass testing was the inability to discern consistent

trends from the resulting data. This inability is partially attributable to

the test programs lacking duplicate testing procedures to verify accuracy.
Additionally many of the data sources were not specifically designed to
generate multipass flotation criteria as such, and therefore, many times

did not adequately describe iimportant flotation parameters necessary

for an analysis. Other sources of multipass data are the following:

C-122 Flotation Test Program( 14); Douglas Aircraft Company research;

15,1 .
Waterways Experiment Station msearch( 6); a combined research

effort of WES and Boeing Aircraft Company( 4 ); C-141 Flight Test
(17)

Program ; and finally, research conducted by I. C. Holm(ls) All of

the above data was collected on cohesive type soils with the exception of
the C-141 program, and some of the WES data by Nuttal which were test
programs using tires on cohesionless soil. Only the WES-C-5A program

and the Douglas tests were conducted for large numbers of multiple passes,
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usually determined by some preset failure condition. The test variables
for all this data varies considerably, from small-scale model tests in

the WES programs to the full size flight testing of the C-122 and C-141.

A wide range of tire sizes, soil strengths, and types of testing (small
model, full scale model, actual prototype) were conducted. Unfortunately,
the tests were not conducted in such a manner as to evaluate the important
multipass variables, and therefore, do not represent a collection of data

sufficient to develop a complete multipass analysis.

Multipass Flotation Analysis

1t should be pointed out that as the data described above was being
collected, the researchers,in many cases, were lacking considerable
information concerning the important multipass flotation variables.
Additionally, the various definitions of several important variables, such
as sinkage and rut depth, were not clearly understood. In fact, sinkages

and rut depth were taken to be one in the same by many researchers. An

additional area of concern was the method of applying multipass operations.

Some investigators felt that each pass of a test tire had to be in the
previous tire's rut, while others tried to distribute the passes over some
finite width of the test track. As a consequence of the above mentioned

difficulties, the following analysis will only be able to indicate trends in

the existing data.

Cohesive Type Soil

Shown in Table X is a summary of the trends in the multipass data
that have been accumulated to date. It is evident that in each test series,
independent of the method of rut depth determination, that the accumulated
rut depth increased at a decreasing rate for increasing coverages. This
is particularly true of the test series where the subsequent passes of the
test vehicle or carriage were distributed over a general area rather
than in the exact same rut each time. The increase in rut depth per pass

after the first pass in all cases was less then the first pass rut depth,
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yet the tests by WES, WES-Boeing, and Holm indicated only a very slight
decrease in the rate of ruttingafter the second pass. In the tests where
the subsequent passes of the tire were distributed to obtain some type of
coverage pattern, the soil surface was being releveled by the multipass
operations and the results are predictable. Again note that the definition
of rut depth varied considerably, and therefore much of the quoted data is
subject to possible improper interpretation. Using this data, however, 1
Figure 26 was developed to indicate the trend in the accumulative rut depth
with increasing passes. (Note: In tests where coverages were given 1
instead of passes, coverages were assumed to equal passes.) As would be
expected, the data scatter for such a plot was progressively larger for
increasing passes. It should be noted that the number of data points which
contributed to the curve shown in Figure 26 was not equal from each test
program (see Table X), therefore each test program was not equally
weighted. The previous results were based on a limited amount of data

and should be viewed as preliminary.

The trends in the multipass drag data are a little harder to define.

However, when considering the Douglas, WES-Boeing, and Holm data, it
is noted that the multipass drag decreases while the soil strength increases.
It appears, therefore, that the multipass drag is a2 function of the change

or lack of change in strength of the soil surface for clay type soils.

Cohesioiless Type Soil

ek At

The caly two sources of multipass data on sand are the WES-Boeing a
i program znd the report by Nuttal. Both clearly indicate that the multipass

drag in sand will be less than the first pass drag, and that incremental

sinkage also decreases if the soil strength does not change. The soil

I "

strength change, however, is probably a function of the critical void ratio

* in sand. That is, sand type soils tend to reach an equilibrium soil strengths
when subjected to large deformations. Therefore, a normal loose sand would

beccme stronger after the first pass, and a dense sand would weaken.
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Therefore, as in clay, the multipass drag is probably a function of the

soil strength change, or lack of it.

Multipass Flotation Criteria

The criteria currently used by the Air Force which was developed by

the U.S. Army Waterways Experiment Station(lg)

, specifies multipass
operations in terms of coverages, where a coverage is defined as sufficient
passes of tires in adjacent tire paths to completely cover a given width of
runway area one time. However, even though this procedure is the
accepted standard, it is generally conceded that it needs considerable

improvement. One of the difficulties with this current procedure is the

somewhat arbitrary nature of its development. In order to specify coverages

for an aircraft, a runway failure criteria and a given runway width must
be sp.:cified. Both of these factors are given set values in the Air Force
procedure and are not related to specific aircraft. The runway failure
c.iteria is set at 3 inches of permanent rut depth or 1.5 inches of elastic
sinkage, and the runway width in which 75% of the aircraft passes must

be performed is given as 80 inches plus the width of one main gear bogie.
This procedure also ignores the differences in the performance charac-
teristics of twin and tandem tire arrangements does not consider the effects
of speed and braking and has only a limited criteria for sand type soils.

In general, the current criteria generates an unreasonable number of
coverages for some aircraft, and lacks any ground roughness criteria.

In reviewing the multipass data and criteria, it was observed that the
present multipass criteria was developed by heavily relying on engineering
judgement and past experience with multipass flexible pavement criteria,
and it is difficult therefore to define the accuracy of the current multipass
criteria. Also it is evident that a new and more meaningful multipass

criteria cannot be developed without further experimental work.

Based on the above study, an effort to define aircraft flotation and
multipass performance in terms of ground vehicle performance has been

proposed, This method is based on the theory that aircraft first pass

59

e Ty a ™ - = e

F: R




performance can be predicted by developing a relationship between first
pass ground vehicle rut depth and soil strength. Based on the ground
vehicle rut depth, the aircraft performance can be predicted for the first
landing and takeoff. Subsequent operation prediction would then be made
based on the observations (rut depths) of the first aircraft operation.
This experimental program is essential to the development of a more
meaningful multipass criteria which will provide insight into the above
mentioned problems and take into account ground induced vertical and

drag loads.
B. SPEED

Intrcduction and Background

Although aircraft in their takeoff runs go through a large velocity
range (0 to approximately 120 knots), early flotation studies and design
criteria presumed that rolling aircraft tire drag due to sinkage in soil
was a constant throughout the velocity range. In 1964, Boeing( 4) con~
ducted a number of full scale tests designed to observe the influence of
speed on the aircraft rolling drag ratio. These tests were conducted at
Harpers Lake, California on a lean clay. Although these results provided
only preliminary information on speed effects, they were important
since they showed a significant variation of the rolling drag ratio with
speed for aircraft operating on soil runways. More recently the Air
Force again sponsored a series of full scale speed tests conducted by
Lockheed( 3) at the NASA test track, As shown in Figure 27, the results
to date indicate speed has a significant influence on the rolling drag ratio
for low strength soils but oniy small influence for operations on high

strength soil.

Both Boeing( 4) and Lockheed( 3) in attempting to develop a drag
prediction model noted the similarity in the shape of the drag ratio vs.
velocity relationship (see Figure 27) to that observed in tire hydrodynamics

studies on water and proposed the use of the same basic equation:
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4 4

C

R=P (po + tang) +—2D—I prVaZ (20)

where

R = total rolling drag

P = total vertical load
My = coefficient of rolling friction on a rigid surface
tand = Z/ 4

CDI soil inertia drag coefficient (a function of the planing velocity)

b = tire width

and
v, = forward velocity of the tire
% = tire footprint length
p = soil density.

Reference to the above equation indicates that the total drag is made up
of a term which is independent of velocity and a drag term which is a
function of velocity squared (inertia) but is independent of the vertical
load. Based on the normal values of p, b, and Z encountered for aircraft
tires on soil, the inertia drag term normally does not become significant
until the forward velocity reaches 20 to 30 knots.

Comparisons between measured drag and the drag predicted by

(

Equation 20 or its modified form 3) have been less than satisfactery and
have led to the introduction of several empirical coefficients to better
curve fit the experimental data. The primary reason for these poor results
in the comparative studies is that in a high speed rolling drag situation,
four unknowns are present (rolling drag, sinkage, soil inertia drag
coefficient, and planing velocity). Since only one analytical equation

exists (see Equation 20), the other three unknowns must be determined
empirically. Sufficient data is not available to date (1971) to accurately

define these other unknowns.
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Preliminary Speed Analysis

It is generally accepted that at low velocities (0 to approximately
5 knots, Region I velocity range), the viscosity of the soil significantly
influences the magnitude of the sinkage and drag. As previously indicated,
at high speed (greater than 20 to 30 knots, Region III velocity range),
viscous effects no longer predominate but soi. inertia becomes a critical

factor in influencing sinkage and drag. At intermediate velocities d

(Region II velocity range), neither viscosity or soil inertia are important

considerations in defining sinkage and drag. One approach to developing

.

a drag prediction equation including velocity effects would be to recognize ‘

that the sinkage and drag effects are interactive and given by

= - 2
(instantaneous) zRegion i +Azinertia drag AZlift (21) !

(2) |

Existing theory can be used to determine the rinkage in Region II. For

example, Equation 22 gives an approximate drag/sinkage relationship

. A

usable for both sand and clay and is based on the results of numerous tests:

R Z
P - 0.018+3.23(D) (22) 1

Z
f . = <0.
or OOlsD 0.12

Il
where

D = tire diameter

Applying the hydrodynamic equations at the tire soil interface gives a

lift as defined by
2, y

L = pbZV, sin6 cosd (23) ‘

|

and an inertia drag term as given by ]
AR = pbZV,? sin%e (24) 7
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where

0 = angle defining the effective plane of contact at the tire/soil

interface.

T T v

Using Equation 22 as a basic relationship between drag, vertical load, and

sinkage, the increment of sinkage associated with inertia drag becomes

.

=523 |25 oug] 25)

a“ o L

zinertia drag

where 1

P' = total load on the tire minus the lift (L).

L4 4 N e o

» can be determined by using the J

The increment of sinkage, -AZ_ .,
1ift (2)
which are of the f

b previously established sinkage prediction equations
form
Z o
- Y1t (26) ;
avg
where ‘

4 = tire footprint length
C1 and CZ= constants
o= P/A I

] and

] P = vertical load
L]
A = tire contact area

CIavg = average cone index over 0" to 6" depth

which for the incremental case would be given by

G L2
B2 = ACI @7 \
avg 1
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Using the above approach, an interactive computer program was

3
drag for the Lockheed high speed test data( ). The results of one such

- {
written and used to make comparisons between measured drag and predicted 3
comparison is given ji. Figure 28. Other comparisons have been made and 1
the results were equally favorable. These results, which have been
encouraging, indicate that as the velocity increases into Region III, the AZ
due to inertia drag is greater than the -AZ due to lift. As the speed continues

to increase, this relationship is reversed and the sinkage-velocity curve

peaks and begins to decrease with further increases in velocity. The results

P Y -

are viewed as sufficiently promising to warrant further research into the

drag-velocity relationship using the above approach. 1
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} SECTION IV
ADDITIONAL STUDIES IN TIRE/SOIL INTERACTION

A ROLLING TANDEM WHEEL - ANALYTICAL STUDY

(1)

In the report for Pa * One of Phase III of this research program

i an analytical approach for studying the sinkage and drag effect of tandem
r tracking wheels was discussed. In that discussion, the following items

were included: (a) the actual three-dimensional problem of the rolling

4 4

-

tandem-tracking wheels; (b) the two-dimensional plane strain approximation

1 using two moving infinite surface pressure strips (a diagram of the plain

strain problem is shown in Figure 29); (c) the lumped parameter iteration 7

method of solution and the simulation of the moving pressure strips; and ‘

(d) the method of evaluation of the multiwheel effects. The reader is l

referred to References 1 and 20 for complete details. In Appendix III

b the governing equations, figures of the lumped parameter model, and the
numerical procedures are presented without derivations, The detailed

5 development of the equations and the procedures is given in References 2,
21, and 22. The computer program for the numerical procedure and the

results of the test cases will be presented in this section.

B

Computer Program and Test Cases

i A computer program was written based on the governing equatiors
and the numerical procedure given in Appendix Il. A general {low chart
i of the computer program is shown in Figures 30 and 31. A Fortran IV
] . source program listing of the computer program, a sample set of input
data, a list of definitions of symbols, and some remarks about running

the computer program are given in Appendix IV.
Three test cases were run with the computer program. All the
s
cases have the same soil, load, and computational parameters, which are J
listed below. This set of parameters is that of a typical multiwheel

aircraft tire-soil interaction. .

mjﬁﬁ% i nre. M o
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elastic —plastic soil medium

Va= Aircraft Horizontal
Ground Velocity

Nd—[

l = Tire Footprint Length

’ (a) Soil Medium with Moving Strip Pressure ‘
i
P A P = Vertical Tire Load ‘
A = Tire Contact Area (rigid surface) 1
t, = Rise Time
b -'P- o = o 1
A :
'
r * *
= q
L t v:’f |
r

{b) Pressure-Time Curve |

Figure 29. Rolling Tandem-Wheel Interface Boundary Condit. n
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Figure 30. General Flow Chart of Computer Program

69




-

T

4 4

SAVE CURRENT
DISPLACEMENTS & VELOCITIES

{
CALCULATE ACCELERATIONS
AT TIME t

b

CALCULATE DISPLACEMENTS
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FREVIOUS [1 ERATION
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CALCULATE DISPLACEMENT ‘
INCREMENTS

FIRS$1
SURROUNDING
STRED>S
POINT

ELASTIC

Y
CIIECK YIELD
INDICATING TALLE

} PLASTIC

CALGULATE SThAIN
INCREMENTS AT TIME t )

CALCULATE NEXT

STRAIN
INCREMENTS
AT TIME t

CHECHh aw

SURROUNDING
STRESS
POINT

LOADING UNLOADING
w=1 8=0

NEXT
MASS
PO

CALCULATE STRESS CALCULATE STRESS
INCREMENTS FROM INCREMENTS FROM
ELASTIC RELATIONS PLASTIC RELATIONS

1

ADD STRESS INCREMENTS
TO STRESSES AT TIME t- At

T

YIELDED CHECK FOR YIELDING
CHANGE YIELD INDICATING
TABLE, IF NECESoARY

CORRECT STRESSES
IF NECESSARY | ———®——————} NOT YIELDED

LAST SURROUNDING NO
STRESS POINT ?

} YES
No
( LasT massPomT> )
‘YES

AW

Incremental work done on the soil medium

o
"

a variable related to the stress invariants

Figure 31, Part of Program for Calculation of Displacements and Stresses
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Soil Parameters:

Density p =130 lb/cu ft
Poisson's Ratio v =0.45
Young's Modulus E = 8950 psi
Cohesion c = 2000 psf
Friction Angle $=15°

Yield Stress in Shear k = 2440 psf

(This set of soil parameters corresponds approximately to a
clay soil with CBR = 8 to 10.)

Load P~rameters:

Tire Footprint Length £ = 18.0 inches

Peak Contact Pressure Prax = 24600 psf

Rise Time of Pressure tr = 0.0075 sec.

Aircraft Ground Velocity Va = 45 knots (approx.)

Tire Outside Diameter D = 42.8 inches
Computational Parameters:

Space Mesh Size h = 4.5 inches

Time Increment t = 0.0001 sec.

Finite Boundary Size Depth = 130"

Width = 130" to 203" depending on
wheel spacing
The only difference between each of the cases is the tandem wheel
spacing. One of the cases corresponds to the single wheel case, m =0
(or m = ®), and the other two cases correspond to tandem tracking wheel
configurations with wheel spacings of 1.05 D and 1.7 D, where D is the
tire carcass outside diameter. In order to minimize the influence of the

finite boundary on the sinkage when the wheel spacings are changed, the

distances between the finite boundaries and the edges of the applied surface

pressure strips are maintained constant by changing the width of the finite

region.
:
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Results of Test Cases and Discussions

The results of the single wheel case show the correct sinkage pattern. 1

Shown in Figure 32 is a graph of the vertical deflection of the soil surface

at various times {or stages of travel) plotted against a coordinate, X, which
is stationary with respect to the moving tire.
by curves B and C corresponding to lapse times of 0.015 second and 0.025

second are due to the rapid rise of the applied pressure causing the over-

shoot of deflection.

0.040, 0.050, and 0.060 second show the sinkage trailing behind the applied

pressure strip.

steady state.

ratio of (ZR/L) = 0.013, which is equivalent to a permanent sinkage of

z

Curves E F, and G corresponding to lapse times of

The high sinkage indicated

They also indicate that the sinkage pattern is approaching a

The steadier pattern seems to indicate a permanent sinkage

R> 0. 24 inch, and an instantaneous sinkage ratio of (Z/£) = 0.022, which

. ..

is equivalent to an instantaneous sinkage of Z = 0. 40 inch.

The vertical deflection of the soil surface at various times for the

other two cases, corresponding to

.el spacings of 1.05 D and 1.7 D,

are shown in Figures 33 and 34. The leading and trailing wheels are plotted

on separate graphs so that the same scale as that for the single wheel case 1

(Figure 32), can be retained for comparison purposes.

The abscissa

coordinate is again X, which is stationary with respcct to the moving wheels,

and X is taken to be zero at the center of the leading applied p: essure

strip.

The surface deflection curves corresponding to lapse times earlier

than 0. 040 second are not shown because deflection curves have not reached 4

steady patterns as indicated in the single wheel case.

Observation of the sinkage patterns in Figures 33 and 34 indicates that '

the surface deflection under the leading applied pressure strip is fairly

steady for both cases.

On the contrary, the surface deflection under the

trailing applied pressure strips goes through large fluctuations for both 1

cases. These large fluctuations may be due to the elastic rebound of the

soils rolled over by the leading tire or an elastic wave generated by the
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leading tire and reflected off the bottom finite boundary. A steadier sinkage
pattern could possibly be attained for the trailing tire by running the
computer program for a longer lapse time; however, it was not done
because an unreasonable stress distribution starts to show due to the

accumulation of computational error.

The results shown in Figures 33 and 34 were interpreted as follows.
The instantaneous sinkages, Z, of the leading tire were obtained by averaging
the peak deflections of the soil surface under the tire for lapse times of
0.040 to 0.070 seconds. The instantaneous sinkages, Z, of the trailing
tire were obtained by averaging the differences between the peak soil
surface level of the unloaded portion between the tires and the peak soil
surface deflection under the trailing tire. In this way, the gross soil
mcovement due to elastic rebound or wave may be canceled. The sinkages

are summarized in Table XI,

From the instantaneous sinkage ratio, Z/D, the drag ratio, R/P, of
the leading and trailing wheels were calculated from the drag-sinkage
equations obtained in Phase II(Z). The drag ratios for both wheels were

averaged and compared with the single wheel drag ratio. The results are

also summarized in Table XI.

As indicated in the last column of Table XI, tandem wheel operation
does not reduce significantly the drag load as compared to the single wheel
operation. This was also the conclusion in the experimental test program

performed as a separate effort of this research project(l).

The results show that the t=chnique and computer program developed
can be used for predicting tandem multiwheel effect quite successfully.
The fluctuation of the sinkages is a2 weakness of the technique but the
averaging procedure employed secmed to overcome it. The total computer
time used for the three cases is approximately eight hours on the IBM 7094.
Conversion to use the CDC 6600 would require approximately half an hour
for each case. This long computer running time may limit somewhat the

extensive utilization of the computer program.
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B. HIGH SPEED VERTICAL: PLATE TESTS

Introduction

As indicated previously, the full ground speed range of aircraft
leads to tire/soil interaction loadings over a wide range of rates. One
approximate way to estimate rates of loading in soil caused by tire/soil

interaction is given by

AL 28)
where
r = rate of loading, in/sec
Z = soil sinkage, in
V, = forward velocity of aircraft tire, in/sec
2 = contact footprint length of tire in soil, in.

For typical aircraft tires and sinkage conditions cccuring in takeoff
operations, the rate of loadings in soil as given by Equation (28) would
probably exceed 100 inches per second. If the resistance to penetration
in the soil changes significantly with the rate of loading then such a

phenzmena would have to be included in the equation »f state for the soil.

Recently IITRI(3) conducted a series of vertical plate load tests
with varying rates of loading (penetration) to examine this phenomena
further. The results of these tests led IITRI to suggest that the typical
sinkage-velocity curve for aircraft in a takeoff mode can be explained by
changes in soil resistance to penetration which occur under varying rates
a3

of loading. Figure 35shows a typical result for san . Reference to

Figure 35 indicates that beginning from a static conditioa the soil first
becomes stiffer as the rate increases (static to 15 in/sec) and then begins
to undergo a period of decreasing stiffness (15 in/sec to 50 in/sec) as the
rate of loading continues to increase. This decreasing stiffness reaches

some minimum and again begins to increase at very high rates of loading

(>50 in/sec).
78

{

3




Test Objective and Program

In an effort to further clarify the influence of penetration rate on the
resistance of soil to penetration, a series of vertical plate tests were
conducted in a clay and a sandy soil with variable rates of penetration.
The purpose of the tests was to:

L (a) Estimate the order of magnitude of influence of the rate of
p penetration on the soil resistance (stiffness) to penetration.

(b) To further investigate the penetration resistance phenomena

ror

shown by IITRI(3) as a possible explanation of the rolling drag-

velocity relationship for aircraft tires operating on soil.

The initial series of test was run on Buckshot Clay, a very line-

grained clay obtained from the area around Vicksburg, Mississippi. The
test program consisted of 22 different tests in which the rates of loading
varied from 0.01 inches per second up to a maximum value of 40 inches
per second. Table 12 gives a summary of these tests and the rate at

which each was run.

Following the clay tests, a very similar series of tests was run on
a riverwash sand which was obtained from the area around Dayton, Ohio. f
This series of tests consisted of 27 different tests which covered a rate
of loading range identical to that of the clay tests. Table XIII gives a

summary of the tests run on sand and the rates at which each was run.

In both clay and sand tests, the soil specimen was compacted into 4

the test containers znd a 3 inch diameter circular plate was penetrated into

the sample to a depth of 3 inches by means of a hydraulic MTS loading system.

: The relationship between penetration and resistance was recorded on either J
an oscillograph recorder or on the recording system which is integral to 1

the MTS system.

In performing these tests it was very important that the different !
test specimens could be consistently reproduced to the preselected conditions. «

It is obvious that if one test sample was of a higher density than another that
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TABLE XII
; PLATE TEST PROGRAM - CLAY ‘
) Soil Stiffness Rate of Plate I
Test No. Soil Type CI (Desired)** | Penetration (in/sec)
L C-1A Buckshot Clay 115.0 0.01
i C-1B L X 0.01
C-2A " n 0.05
b C-2B* 1" 1" 0.05 j
i C-2C " " 0.05 <
C-3A* tt 1 0. 10
C-3B* " H 0.10
C-3C 1" " 0. 10
C-3D " 1] 0.10
C-4A " n 0.50
, C-4B* " " 0.50
C-4C 1 t 0. 50
’ : C-5A u " 1.00
C-5B 1 n 1.00
C-6A " n 5.00 T
C-6B 1] 1 5.00
C-7A n n 10.00
C-7B n " 10.00 ‘
: C-8A Y g 25.00 q
C-8B " " 25.00 ‘
¢ C-9A n " 40.00
o C-9B " " 40. 00

% These tests were omitted from final calculations.

PrSTIOTIRN

*% Average soil penetration resistance over 0" to 6".

R . e T
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TABLE XI'I

PLATE TEST PROGRAM - SAND

Soil Stiffness™

Rate of Plate

Test No. Soil Type CIzi (desired) | Penetration (in/sec)
S-1A Riverwash Sand 51.0 0.01
S-1B ] 3] 0. 01
s-1C ] 1 0.01
S-2A " " 0.05
S-2B " " 0.05
S-2C " n 0.05
S-3A " " 0.10
S-3B " n 0.10
S8-3C " " 0.10
S-44A " i 0.50
S-4B " " 0.50
S-4C " " 0.50
S-5A " " 1.00
S5-5B n " 1,00
S-5C " " 1. 00
S-6A " n 5.00
S-6B " " 5.00
S-6C " " 5.00
S-7A " " 10. 00
S-7B " H 10. 00
S-7C u n 10,00
S-8A " i 25.00
S-8B " " 25,00
S.8C " " 25,00
S-9A n u 40,00
S-98 " " 40.00
S-9C " n 40, 00

* Soil Penetration Resistance at 2 inch penetration,
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it would exhibit a higher resistance to penetration regardless of the rate of
loading effects. In an effort to normalize the test results and to make the

results independent of small variances in moisture and density, a series of
cone penetrometer tests were performed on each test specimen prior to the

actual plate test.

Test Setup

- MTS Loading System

The MTS tensile and fatigue machine is a single item closed-loop
electro-hydraulic servo-activated testing machine with a maximum loading
capacity of 75, 000 pounds. The waveform applied to the soil was that of a
ramp. Figure 36 shows the MTS system setup.

- Test Plate

The test plate is a 3 inch in diameter circular plate. Made out of
aluminum, the plate has a thickness of 1/2 inch and has a 6 inch long
aluminum shaft which has a diameter of 1-1/4 inches. The plate was
designed so that it meets the dimengional requirements such that the
distance to the nearest side of the test specimen container would be greater
than three times the plate diameter and the distance to the bottom of the
soil mass would be five times greater than the plate diameter. In addition
to the plate, an aluminum extension was designed which would add 3 inches

to the shaft length if needed. Figure 37 shows the test plate.
- Cone Penetrometer

The cone penetrometer was made out of stainless steel and had a

5 inch shaft whose diameter was 3/8 of an inch. The cone portion was

1-1/2 inches long and had a base of 0. 80 inches in diameter (area = 0.5 inz).

The apex angle of the cone was 30 degrees (15 degrees on each side of the
center line). The penetrometer tests were all run at a rate of 1. 25 inches
per second and were taken to a depth of 4-1/2 inches. Figure 37 shows the

penetrometer used.

83.
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Figure 36, MTS Loading System
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Figure 37, Test Plate and Cone Penetrometer
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~ Test Containers

These containers were circular in cross-section with a base

The test containers were made from 25 inch high circular refuse
containers,

} diameter of 19 inches and a top diameter of 22 inches. Support was added
to the base of the containers in the form of two 3/4 inch plywood layers.
In addition to these two layers, another layer of 3/4 inch plywood was

{ added beneath the base so that the applied force would be transmitted

v

directly to the soil mass.
[

- Recording System

rr—

The MTS recording system is integral to the MTS loading system

and has a maximum recording rate of around 5 inches per second and

contains no minimum rate limitations. The oscillograph recorder used

during the clay tests is an 18 channel, type 5-114-PS recorder made by

b o Consolidated Engineering Corporation. It has a paper speed range of i
0. 45 inches per second to 115. 2 inches per second. The oscillegraph ‘
recorder used during the sand test is an 18 channel, type 5-124 A recorder

made by Consolidated Electrodynamic Corporation and nas a paper speed

range of . 25 inches per second to 64.0 inches per second.

il

- Modified CBR Hammer

A modified CBR hammer was used to compact both the clay and

sand specimens. This hammer had a 10 pound weight which dropped 18

. inches onto a 3-7/8 inch circular plate.